Abstract. Many studies have demonstrated that emodin inhibits the growth and induces the apoptosis and chemosensitization of various cancer cells in animal models. The aim of this study was to investigate the molecular mechanism of the chemo-sensitization potential of emodin on gemcitabine in pancreatic cancer cell lines via inhibition of nuclear factor-κB (nF-κB). SW1990 and SW1990/GZ cells were treated with: i) emodin (20 µmol/l), ii) nF-κB inhibitor Bay 11-7082 (5 µmol/l), iii) gemcitabine (20 µmol/l), iv) pretreated with emodin for 24 h followed by coincubation with gemcitabine for 24 h, or v) pre-treated with Bay 11-7082 for 1 h followed by treatment with gemcitabine for 24 h. SW1990 and SW1990/GZ cells were also treated with emodin (20, 40 and 80 µmol/l). cellular proliferation and apoptosis were detected by the Cell Counting Kit-8 (CCK-8) assay and flow cytometry. nF-κB protein was detected by Western blotting. SW1990/GZ cell morphological changes were observed under optical and fluorescence microscopes. Emodin strongly inhibited the proliferation and induced the apoptosis of both pancreatic cancer cell lines. Furthermore, emodin combined with gemcitabine induced a higher percentage of growth inhibition and apoptosis in both pancreatic cancer cell lines compared to gemcitabine alone. Pre-treatment of SW1990/ GZ cells with Bay 11-7082 for 1 h followed by gemcitabine resulted in greater inhibitory and apoptosis rates compared to gemcitabine alone. The resistant pancreatic cell line SW1990/ GZ presented higher constitutive nF-κB protein expression compared to the SW1990 cells. emodin not only downregulated nF-κB in a dose-dependent manner in SW1990 and SW1990/GZ cells under unstimulated conditions, but also inhibited gemcitabine-induced nF-κB protein expression. emodin potentiated the antitumor effects of gemcitabine in pancreatic cancer, which was related to the down-regulation of nF-κB.
Introduction
currently, gemcitabine remains the best chemotherapeutic agent available for the treatment of advanced pancreatic cancer. However, the treatment still results in an objective tumor response rate of less than 10%, with a dismal survival advantage accompanied by multiple adverse effects and drug resistance (1) . Thus, a less toxic agent that is capable of sensitizing pancreatic cancer cells to gemcitabine is required.
emodin (1,3,8-trihydroxy-6-methylanthraquinone) is an active constituent isolated from the root of Rheum palmatum L. (2) and is the main effective component of herbs such as rhubarb and aloe. Pharmacological studies have demonstrated that emodin possesses anti-bacterial (3), anti-inflammatory (4) and immunosuppressive (5) effects. in the context of cancer, recent studies show that emodin exhibits an anti-proliferative effect on cell lines derived from ovarian cancer (6) , lung cancer (7) and leukemia (8) . additionally, emodin has been reported to suppress the growth of multidrug-resistant prostate cancer cells (9) through the activation of akt (10) , to inhibit tumor migration (11) and to induce apoptosis in tumor cells by suppressing nuclear factor-κB (nF-κB) (12) .
The transcription nF-κB has been linked to cell proliferation, invasion, angiogenesis, metastasis and the suppression of apoptosis in pancreatic cancer (13) (14) (15) (16) . Many conventional cancer chemotherapeutic agents, such as gemcitabine, vinblastine, vincristine, daunomycin, doxorubicin, campothecin, cisplatin and etoposide, have been shown to activate nF-κB (13, 14, 16, 17) . There are numerous lines of evidence suggesting that nF-κB plays a major role in the growth and chemo -resistance of pancreatic cancer (12, 18) . nF-κB is constitutively active in pancreatic cancer cells (18) , animal models of pancreatic cancer (6, 7) and human pancreatic cancer tissues (18) , but not in immortalized, non-tumorigenic pancreatic ductal epithelial cells (19) . nF-κB promotes pancreatic cancer growth via the inhibition of apoptosis (18, 20) . additionally, nF-κB-regulated gene products promote the migration and invasion of cancer cells (15) , and nF-κB may play a pivotal role in promoting gemcitabine resistance in pancreatic cancer (21) . These findings implicate NF-κB in pancreatic cancer, and suggest that agents blocking nF-κB activation may reduce chemoresistance to gemcitabine and perhaps be used in combination with gemcitabine as a novel therapeutic regimen for pancreatic cancer.
in the present study, we investigated the role of nF-κB in the molecular mechanisms of the chemo-sensitization potential of emodin on gemcitabine in pancreatic cancer cell lines.
Materials and methods
Reagents. emodin was purchased from Sigma (St. louis, Mo, uSa) and dissolved in dimethylsulfoxide (dMSo) to make 0.2 mmol/l stock solution. Gemcitabine was purchased from ely lilly (Bad Homburg, Germany) and dissolved in sterile 0.9% sodiumchloride to make a 50 g/l stock solution. The final concentration of dMSo was <0.1%. daPi (4' ,6-diamidino-2-phenylindole) and BaY 11-7082 were purchased from Sigma. antibodies against p65 (nF-κB) and β-actin were obtained from epitomics (Burlingame, ca, uSa).
Cell culture. The human pancreatic cancer cell line SW1990 was purchased from the american Type culture collection (Manassas, Va, uSa). The cell line was maintained in a state of continuous exponential growth in rPMi-1640 (Gibco Brl, Grand island, nY, uSa) supplemented with 10% fetal bovine serum (FBS) (Gibco Brl), 100 u/ml penicillin and 10 µg/ml streptomycin in a humidified incubator containing 5% CO 2 in air at 37˚C.
Establishment of gemcitabine-resistant pancreatic cancer cells. a gemcitabine-resistant pancreatic cancer cell line (SW1990/GZ) was established by serially escalating doses of gemcitabine in SW1990 cells (22) . initially, cells were cultured for 72 h with gemcitabine (10 nmol/l) with a defined drugfree interval. as cells adapted to the dose, the gemcitabine concentration was serially doubled. By the end of the culture, SW1990 cells were adapted to 100 nmol/l gemcitabine.
Observation of morphological changes. Morphological changes in SW1990/GZ cells were observed under an optimal microscope (olympus, Tokyo, Japan) after treatment. Apoptotic cells were identified by DAPI staining. SW1990/ GZ cells were seeded on coverslips and, after treatment, were fixed with 4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 10 min. after the nuclear dna was stained with 1 µg/ml daPi for another 5 min, the cells were observed under an Olympus fluorescence microscope.
Inhibition of cell viability by emodin and gemcitabine. SW1990/GZ (resistant to gemcitabine) and SW1990 (sensitive to gemcitabine) cells were seeded at a density of 4x10 3 cells/ well in 96-well microtiter culture plates. after overnight incubation, the medium was removed and replaced with fresh medium containing emodin (20 µmol/l) for 24 h, and then exposed to gemcitabine (20 µmol/l) for an additional 24 h. Thus, for a single-agent treatment, cells were exposed to emodin for 24 h or gemcitabine for 24 h. on completion of incubation, cell viability was determined by the ccK-8 assay (Beyotime, Shanghai, china) according to the manufacturer's instructions. Briefly, CCK-8 solution was added to cells in 96-well plates, the cells were incubated at 37˚C for 60-90 min, and the optical density of each well was read at 450 nm using a microplate reader (ELX800; Bio-Tek, USA). and gemcitabine. cells were plated as described above and allowed to attach overnight. The cells were replaced with fresh medium containing 5 µmol/l of Bay 11-7082 for 1 h and then exposed to 20 µmol/l of the chemotherapeutic agent, gemcitabine, for an additional 24 h. Thus, for a single-agent treatment, cells were exposed to Bay 11-7082 for 1 h. The effect of Bay 11-7082 pre-treatment on cell viability was examined by the ccK-8 assay method as described above.
Cell viability inhibition by
Flow cytometric assessment of apoptosis. The measurement of phosphatidylserine redistribution in the plasma membrane was conducted with the annexin V-FiTc/Pi apoptosis detection kit according to the manufacturer's protocol (abcam, cambridge, Ma, uSa). after treatment, harvested cells (1x10 5 ) were suspended in 500 µl of annexin V binding buffer (1x). annexin V-FiTc (5 µl) and Pi (5 µl) were added and incubated with the cells for 15 min in the dark. 1x binding buffer (500 µl) was added to each sample. The stained cells were analyzed directly by flow cytometry using the Cell Quest program (Becton dickinson, San Jose, ca, uSa). The average of the results from at least three samples of cells for each experimental condition is presented.
Protein extraction and Western blot analysis.
The pancreatic cancer cells SW1990/GZ and SW1990 were plated and allowed to attach for 36 h. emodin was directly added to cell cultures at a 20 µmol/l concentration and cells were incubated for 48 h followed by the addition of gemcitabine. control cells were incubated in medium containing an equivalent concentration of eMSo. after 24 h of incubation with gemcitabine, the cells were harvested in PBS and whole cell lysate was prepared by suspending the cells in 200 µl of lysis buffer [1 mol/l Tris-Hcl (pH 7.5), 150 mmol/l nacl, 1 mmol/l eGTa, 0.1% Triton x-100, 0.1 mmol/l sodium orthovanadate, 1 mmol/l phenylmethylsulfonyl fluoride (PMSF), 2 µg/ml leupeptin and 2 µg/ml aprotinin]. The cells were disrupted by sonication and the total proteins were extracted by centrifuging the tubes at 4˚C for 30 min at the maximal microfuge speed to remove debris. For immunoblotting, each extract was prepared as above and the equivalent of 20 µg total proteins was separated on SdS-PaGe, electrotransferred onto nitrocellulose membranes and probed with specific antibodies. Detection of specific proteins was carried out with an enhanced chemiluminescence Western blot kit according to the manufacturer's instructions. The same membrane was reprobed with the anti-β-actin antibody, which was used as an internal control for protein loading.
Statistical analysis. data are represented as the mean ± Sd for the absolute values or as a percentage of the controls. SPSS 11.0 software was used for statistical analysis. anoVa (analysis of variance) was applied for comparison of the means of two or multiple groups, in which SnK (Student-newman-Kewls) was further used for the comparison of two groups. a value of p<0.05 was considered significant.
Results

Morphological changes in pancreatic cells
. under an optimal microscope, control SW1990/GZ cells were well spread flatly and appeared spindly (Fig. 1a) . emodin (Fig. 1B) induced the appearance of many rounded SW1990/GZ cells and decreased cell density. after co-treatment of gemcitabine with emodin or Bay 11-7082 ( Fig. 1e and F) , cellular fragmentation was extensive and few adherent cells remained. in addition, nuclear morphological changes were observed under a fluorescence microscope by daPi staining. The results showed that emodin with or without gemcitabine caused nuclear condensation and chromatin margination (Fig. 1H and K) .
Effect of emodin and gemcitabine on cell proliferation. To examine the effect of emodin on cell growth, pancreatic cancer SW1990 cells (sensitive to gemcitabine) and SW1990/GZ cells (resistant to gemcitabine) were treated with emodin (20 µmol/l) alone for 24 h. as shown in Fig. 2 , in SW1990 and SW1990/GZ cells, treatment with emodin (20 µmol/l) alone for 24 h resulted in cell inhibition of 14 and 20% relative to control, respectively. Subsequently, the effect of gemcitabine on cell growth in vitro was evaluated. SW1990 cells were more sensitive to gemcitabine compared to SW1990/GZ cells. in SW1990 and SW1990/GZ cells, gemcitabine treatment (20 µmol/l) for 24 h reduced cell viability by 24 and 8%, respectively, relative to the control. However, pre-treatment with emodin for 24 h followed by treatment with gemcitabine resulted in the loss of 34 and 36% of viable cells in the two cell lines. However, pre-treatment with Bay 11-7082 for 1 h followed by treatment with gemcitabine resulted in the loss of 28 and 30% of viable cells in the two cell lines.
Emodin and Bay 11-7082 sensitize cells to apoptosis induced by gemcitabine.
The induction of apoptosis in pancreatic cancer cells treated with either emodin (20 µmol/l), gemcitabine (20 µmol/l) or Bay 11-7082 (5 µmol/l) alone was observed. compared to the single agents, pre-treatment with emodin or Bay 11-7082 followed by gemcitabine treatment induced a greater degree of apoptosis in both the cell lines, as shown by a flow cytometric assay (Fig. 3) , in particular in the cell line resistant to gemcitabine (SW1990/GZ).
Effect of emodin on NF-κB protein expression.
To analyze the role of nF-κB in the growth of resistant cell line, protein extracted from untreated cells was prepared and Western blotting for nF-κB expression was performed. as shown in Fig. 4a , SW1990/GZ cells exhibited enhanced nF-κB protein expression compared to SW1990 cells. We then analyzed whether emodin abrogates the basal expression nF-κB in these cells. To evaluate the effect of emodin in SW1990 and SW1990/GZ cells, semiconfluent cells were treated with varying concentrations (0, 20, 40 and 80 µmol/l) of emodin for 72 h. as shown in Fig. 4B , a dose-dependent decrease in nF-κB protein expression was observed after the cells were exposed to increasing concentrations of emodin. even a low concentration of emodin (20 µmol/l) resulted in the inhibition of nF-κB protein expression.
Effect of emodin combined with gemcitabine on NF-κB protein expression. We analyzed whether gemcitabine was capable of inducing nF-κB protein expression and whether the inactivation of nF-κB by emodin abrogated the chemoresistant phenotype of SW1990/GZ cells, resulting in more pronounced gemcitabine-induced apoptosis. our results showed that, relative to the untreated control, gemcitabine (20 µmol/l) treatment induced nF-κB protein expression in SW1990 and SW1990/ 
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GZ cells (Fig. 5) . Furthermore, pre-treatment of the cells with 20 µmol/l emodin for 48 h abrogated the gemcitabine-induced activation of nF-κB protein expression.
Discussion
The loss of viability and induction of apoptotic cell death are two major mechanisms by which chemotherapeutic agents kill cancer cells. unfortunately, in pancreatic tumors, the acquisition of drug resistance during chemotherapy constitutes a major impediment in curing patients. in a clinical setting, suboptimal therapeutic benefit was achieved when prognostic combinations of various classes of chemotherapeutic agents were administered, due to their dose-limiting toxicity (23) . extensive studies have demonstrated that the underlying resistance to therapeutic response and aggressiveness of pancreatic cancer cells are partly due to the constitutive activation of the transcription factor nF-κB (13, 14, (16) (17) (18) (19) (20) (21) . in this study, we established the gemcitabine-resistant human pancreatic cancer cell line SW1990/GZ by exposure of cells to serially escalating doses of gemcitabine. The transcription factor nF-κB was constitutively expressed in the resistant and sensitive pancreatic cancer cell lines. The resistant cell line (SW1990/GZ) presented higher nF-κB expression than the sensitive cell line (SW1990). Since nF-κB activates the expression of antiapoptotic genes (14, 16, 18, 20) , we suggest that the observed increase in nF-κB protein expression is connected with the acquisition of drug resistance, contributing to the survival of resistant cell lines. However, emodin significantly A B decreased cellular proliferation in the gemcitabine-sensitive and -resistant human pancreatic cancer cell lines, and both cell lines showed a high rate of apoptosis after emodin treatment. Furthermore, the results of Western blotting demonstrated that emodin down-regulated nF-κB protein expression in a dosedependent manner. Together, the results indicate that emodin was an effective inhibitor of pancreatic cancer cell growth as a single agent.
Bay 11-7082, (e)-3-(4-methylphenylsulfonyl)-2-propenenitrile, was initially identified as a irreversible inhibitor of κB-α phosphorylation that inhibits the nF-κB pathway. Further studies into alternative therapeutic strategies against malignancies have shown that this compound is a potent inducer of apoptosis in a number of malignant cells, including colorectal (24) and breast (25) cancer, as well as leukemia, myeloma cells and lymphoma cells (26) . in the present study, we demonstrated that the inhibition of constitutive nF-κB activity by Bay 11-7082 resulted in the growth inhibition and induction of apoptosis in both our pancreatic cancer cell lines. These results are in keeping with previous reports demonstrating that constitutive nF-κB activity is associated with aggressive tumors, whereas its inhibition blocks the growth of these cells (13) (14) (15) (16) 21) . nF-κB may therefore be essential for the survival of pancreatic cancer cells.
Several studies have reported that gemcitabine activates nF-κB (13, 14, 16, 20) and Mdr (27) . our results also showed that gemcitabine enhanced nF-κB protein expression in both our pancreatic cancer cell lines. nF-κB has also been shown to act upstream of human Mdr-1 in colon cancer cells (28) . P-gp is encoded by the Mdr-1 gene and is a broad spectrum multidrug efflux pump that recognizes various compounds, including antitumor drugs. However, emodin exerts a downregulatory effect on Mdr-1 protein in prostate cells, with over-activated HiF-1 and potent Mdr (9) . in previous studies, emodin has been shown to synergize with cisplatin (29, 30) , paclitaxel (6) and celecoxib (31) , leading to an enhanced antiproliferation effect in several cancer cell lines. Therefore, we hypothesized that emodin combined with gemcitabine may also have a synergistic effect on pancreatic cancer cell proliferation and apoptosis. Supporting this hypothesis, the results presented here suggest that emodin pre-treatment led to significant tumor cell apoptosis compared to any of the agents alone in both the sensitive and resistant pancreatic cancer cell lines. This observation is of high significance, as 33-35% growth inhibition was achieved using a dose of gemcitabine that produces only 24 and 8% growth inhibition in SW1990 and SW1990/GZ cell lines, respectively, when gemcitabine was used alone. The inhibition of cell growth was also correlated with apoptotic cell death, suggesting that the loss of viable cells with emodin and gemcitabine treatment is partly due to the induction of an apoptotic cell death mechanism.
The mechanism by which emodin potentiates the antiproliferative and apoptotic effects of gemcitabine may involve the suppression of nF-κB. Both the pancreatic cancer cell lines studied showed constitutive nF-κB protein expression. our results show that emodin not only down-regulated nF-κB protein expression under unstimulated conditions, but also inhibited gemcitabine-induced nF-κB protein expression in both our pancreatic cancer cell lines. These observations provide strong evidence that gemcitabine induced nF-κB, and its down-regulation by emodin may be a common phenomenon in pancreatic cancer cells. Moreover, the anti-proliferative and apoptotic effects of treatment with Bay 11-7082 combined with gemcitabine on the two pancreatic cancer cell lines were similar to those observed with co-treatment of emodin plus gemcitabine. nF-κB has been linked to chemoresistance (13, 14, (16) (17) (18) (19) (20) (21) , so it is very likely that the down-regulation of nF-κB by emodin sensitized the cells to gemcitabine. These results are in agreement with several previous reports in which curcumin (16) , thymoquinone (14) and hyperthermia (13) sensitized pancreatic cancer cells to gemcitabine. Similarly, genistein has been shown to sensitize prostate cancer cells to gemcitabine through the down-regulation of nF-κB (32) .
in conclusion, our results showed that emodin potentiates the antitumor effects of gemcitabine by inhibiting nF-κB, and that the combination of emodin with gemcitabine has significant potential as an effective therapy for pancreatic cancer by enhancing the effect of gemcitabine and overcoming chemoresistance. Further clinical studies in patients with pancreatic cancer are necessary to confirm our findings.
